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1
POWER CONVERTER PWM

BACKGROUND

1. Field of the Disclosure

The present disclosure relates to power converters and
more particularly, to pulse width modulation controllers of
a power converter or acrospace motor controller.

2. Description of Related Art

Power converters, including, for example motor control-
lers, have a filter that uses a common mode i1nductor. The
filter 1s configured to reduce harmonics generated by switch-
ing that occurs within the power converter and to reduce
EMI radiation. Ten-thirty percent of the size and weight of
the power converter can be attributed to the common mode
inductor.

Some options have been traditionally available to reduce
the size and/or weight of the common mode inductor of the
filter. In a first option, a higher switching frequency 1s used.
This option increases switching losses and burdens a cooling
system responsible for cooling the power converter. In a
second option, The converter 1s provided with multilevel
inverters or interleaved inverters, which complicates circuit
topology and control of the converter, in addition to the for
significantly more semiconductor switches. In a third option,
the filter 1s an active filter or additional switching poles are
provided to actively oflset the harmonics generated by the
converter’s mverter. However, this option further compli-
cates circuit topology and control of the converter, 1n addi-
tion to the for significantly more semiconductor switches.

While conventional methods and systems have generally
been considered satisfactory for their intended purpose,
there 1s still a need 1n the art for a system and method that
can reduce the size and weight of the filter without increas-
ing switching losses, burden on the cooling system, com-
plexity of the circuit topology, complexity of control of the
converter, or the number of switches.

SUMMARY

The purpose and advantages of the below described
illustrated embodiments will be set forth 1 and apparent
from the description that follows. Additional advantages of
the i1llustrated embodiments will be realized and attained by
the devices, systems and methods particularly pointed out in
the written description and claims hereot, as well as from the
appended drawings.

To achieve these and other advantages and 1n accordance
with the purpose of the illustrated embodiments, in one
aspect, a pulse width modulator (PWM) of a multi-phase
power converter 1s provided. The PWM includes a signal
modulator that corresponds to each phase of the converter.
Each signal modulator of the PWM 1s configured to receive
a unique triangle carrier signal, receive a unique sine wave
signal, compare the received triangle carrier signal and the
received sine wave signal, and output at least one control
signal based on a result of the comparison. The control
signal controls an inverter that applies pulse width modu-
lation to a DC power for converting the DC power to a
multi-phase power, AC harmonics of the multi-phase power
being filtered by a common mode inductor.

In one or more embodiments, the PWM can further
include a different triangle wave generator for each of the
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2

signal modulators, each triangle wave generator configured
to generate one of the unmique triangle carrier signals.

In one or more embodiments, the multi-phase convertor
can have n phases, the triangle carrier signals can have the
same cycle, and each of the triangle carrier signals can be
shifted by 1/n of the cycle so that each triangle carrier signal
1s shifted relative to all of the other triangle carrier signals.

In one or more embodiments, the triangle carrier signals
can be shifted by a forward rotational shift.

In one or more embodiments, the triangle carrier signals
can be shifted by a backward rotational shift.

In accordance with another aspect of the disclosure, a
multi-phase power converter 1s provided. The power con-
verter includes an 1nverter configured to apply pulse width
modulation to a DC power from a DC power source for
converting the DC power to a multi-phase power and a filter
configured to filter AC harmonics of the multi-phase power.
The filter includes a common mode inductor for the multi-
phase power. The power converter further includes a PWM
controller having a signal modulator that corresponds to
cach phase of the multi-phase converter or controller. Each
signal modulator of the PWM 1s configured to receive a
unique triangle carrier signal, receive a unique sine wave
signal, compare the received triangle carrier signal and the
received sine wave signal, and output at least one control
signal based on a result of the comparison, wherein the
control signal controls pulse width modulation of the DC
power.

In one or more embodiments, the PWM can further
include a different triangle wave generator for each of the
signal modulators, each triangle wave generator configured
to generate one of the unique triangle carrier signals.

In one or more embodiments, the multi-phase power can
have n phases, the triangle carrier signals have the same
cycle, and each of the triangle carrier signals can be shifted
by 1/n of the cycle so that each triangle carrier signal can be
shifted relative to all of the other triangle carrier signals.

In one or more embodiments, the triangle carrier signals
can be shifted by a forward rotational shift or a backward
rotational shiit.

In one or more embodiments, a core size ol a core of each
common mode inductor can be reduced by at least about
50% 1n at least one of size and weight relative to a configu-
ration with a PWM 1n which all of the signal modulators are
configured to receive the same triangle carrier signal.

In one or more embodiments, a core size of a core of each
common mode mnductor can be reduced by about 65% 1n at
least one of size and weight relative to a configuration with
a PWM 1n which all of the signal modulators are configured
to receive the same triangle carrier signal.

In one or more embodiments, the filter can further include
a differential inductor, wherein a size and weight of the
differential inductor and a winding of the common mode
inductor can be substantially unchanged relative to a con-
figuration with a PWM 1n which all of the signal modulators
are configured to receive the same triangle carrier signal.

In one or more embodiments, the PWM can be retrofitted

to the convertor to replace a PWM that 1s configured for all
of the signal modulators to receive the same triangle carrier
signal.
In one or more embodiments, the filter can further include
a differential inductor. A size and weight of the differential
inductor can be substantially unchanged relative to a con-
figuration with a PWM 1n which all of the signal modulators
are configured to receive the same triangle carrier signal.

In accordance with one or more aspects of the disclosure,
a method of controlling a pulse width modulation of a DC
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power converted into a multi-phase power. The method
includes, for each phase power of the multi-phase power,

receiving a umque triangle carrier signal, receiving a unique
sine wave signal, comparing the received triangle carrier
signal and the received sine wave signal, outputting at least
one control signal based on a result of the comparison, and
controlling by the control signal pulse width modulation of
the DC power for converting the DC power to the multi-
phase power, AC harmonics of the multi-phase power being,
filtered using common mode inductance.

In one or more embodiments, the method can further
include generating the unique triangle carrier signals.

In one or more embodiments, the multi-phase power can
have n phases, the triangle carrier signals can have the same
cycle, and the method can further include shifting each of
the triangle carrier signals by 1/n of the cycle so that each
triangle carrier signal 1s shifted relative to all of the other
triangle carrier signals.

In one or more embodiments of the disclosure, the method
can further include replacing a component that was previ-
ously generating the same triangle carrier signal for each
phase power that corresponds to each phase of the multi-
phase with a component generating the unique triangle
carrier signals.

In accordance with one or more embodiments of the
disclosure, the method can further include reducing 1n at
least one of size and weigh by at least about 50% a core size
of a core of each common mode inductor filtering the
multi-phase signal before it 1s provided to the motor relative
to a configuration 1n which the same triangle carrier signal
1s recerved for each phase power.

In one or more embodiments, the method can further
include maintaining substantially the same size and weight
of a differential inductor and winding of a common mode
inductor that filter the multi-phase power before it 1s pro-
vided to the motor relative to a configuration 1n which the
same triangle carrier signal 1s received for each phase power.

BRIEF DESCRIPTION OF THE DRAWINGS

So that those skilled in the art to which the subject
disclosure appertains will readily understand how to make
and use the devices and methods of the subject disclosure
without undue experimentation, embodiments thereol will
be described 1n detail herein below with reference to certain
figures, wherein:

FIG. 1 shows a schematic diagram of an example power
converter in accordance with one or more embodiments of
the disclosure;

FIG. 2 shows a schematic diagram of a common mode
(CM) inductor of a power converter, in accordance with one
or more embodiments of the disclosure;

FIG. 3 shows a schematic diagram of a pulse width
modulation (PWM) of a power converter, in accordance
with one or more embodiments of the disclosure;

FIG. 4 shows a plot of example sine wave signals and
triangle carrier signals generated for each of the signal
modulator of a PWM controller, 1n accordance with one or
more embodiments of the disclosure;

FIG. 5 shows example plots of spectra of a conventional
sine-triangle PWM controlled inverter;

FIG. 6 shows example plots of spectra of a forward
rotational carrier shifted PWM controlled inverter controlled
using PWM shown i FIG. 3;

FIG. 7 shows example plots of spectra of a backward
rotational carrier shifted PWM controlled inverter controlled
using PWM shown i FIG. 3; and
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FIG. 8 shows a schematic block diagram of an example
computing system, in accordance with an 1illustrative
embodiment of the present disclosure.

DETAILED DESCRIPTION OF TH.
EMBODIMENTS

L1

The illustrated embodiments are now described more
tully with reference to the accompanying drawings wherein
like reference numerals 1dentily similar structural/functional
teatures. The illustrated embodiments are not limited 1n any
way to what 1s illustrated, as the illustrated embodiments
described below are merely exemplary, which can be
embodied 1n various forms, as appreciated by one skilled 1n
the art. Therelore, 1t 1s to be understood that any structural
and functional details disclosed herein are not to be inter-
preted as limiting, but merely as a basis for the claims and
as a representation for teaching one skilled in the art to
variously employ the discussed embodiments. Furthermore,
the terms and phrases used herein are not intended to be
limiting but rather to provide an understandable description
of the illustrated embodiments.

Unless defined otherwise, all technical and scientific
terms used herein have the same meaning as commonly
understood by one of ordinary skill in the art to which this
present disclosure belongs. Although any methods and mate-
rials similar or equivalent to those described herein can also
be used 1n the practice or testing of the 1llustrated embodi-
ments, exemplary methods and materials are now described.

It must be noted that as used herein and 1n the appended
claims, the singular forms *““a”, “an,” and “the” include plural
referents unless the context clearly dictates otherwise. Thus,
for example, reference to “the signal” includes reference to
one or more signals and equivalents thereof known to those
skilled 1n the art, and so forth.

Turning now descriptively to the drawings, in which
similar reference characters denote similar elements
throughout the several views, FIG. 1 depicts an exemplary
power converter 100 1 which below illustrated embodi-
ments may be implemented. In the example, shown, the
power converter 1s a controller for a motor 10 (e.g., an
acrospace motor), however the disclosure 1s applicable to
any power converter that includes an inverter with switches
controlled by a pulse width modulator (PWM) and that
includes a filter having at least one common mode inductor.

Power converter 100 1includes an inverter 104 receiving a
DC power via signal paths 1034 and 1035 from a DC power
source 106. The converter 100 further includes a pulse width
modulator (PWM) 102 and a control module 114. PWM 102
converts commands from control module 114 to switch logic
that can control the switches of inverter 104. Control module
114 controls PWM 102.

Control module 114 can include a digital processing
device, such as a microprocessor, digital signal processor
(DSP), field programmable gate array (FPGA), application
specific integrated circuit (ASIC), programmable integrated
circuit (IC), for example. In one or more embodiments,
PWM 102 can also be implemented digitally, such as by a
digital processing device (e.g., a microprocessor, DSP,
FPGA, ASIC, programmable IC. In one or more embodi-
ments, PWM 102 can be integrated with control module 114.
In one or more embodiments, PWM 102 can be imple-
mented by hardware, such as by a digital or analog circuit.

The inverter 104 modulates the DC power received from
the DC power source and outputs a multi-phase power via
phase paths 105a-105¢, such as to a motor 10. Inverter 104
can include, for example and without limitation to a specific
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inverter topology, a six-switch mverter topology. Inverter
104 can include two levels or higher levels, although the
benefit of this invention 1s most significant at lower levels.
The converter 100 includes a filter 108 that includes a
differential-mode (DM) inductor 110 disposed along each
respective phase path 105q-105¢, and a common-mode
(CM) inductor 112 disposed along each respective phase
path 1054-105¢. In the example shown, the multi-phase
power 1s a three-phase power, however the disclosure 1s not
limited to a specific number of phases and 1s directed to two
or more phases. With reference to FIG. 2, a schematic
diagram of an example CM inductor 112 1s shown. CM
inductor 112 includes a magnetic core 202 and a winding
204 having coils that carry the corresponding phase of the
multi-phase power output by mnverter 104 and filtered by
DM inductor 110. Winding 204 1s formed of a highly
conductive material, such as copper. The size and weight of
the winding 204 needs to be suflicient to support phase
currents, which are proportional to Vdifl, the differential
voltage component measured at lines 105a, 10556, or 105c¢.
Magnetic core 202 of the common mode inductor carries
common mode flux and need to be suflicient to support
Vcom, which 1s the common mode voltage component
measured as one third of sum of three phase voltages at
output terminals of mverter 104.

One skilled 1n the art will understand that the lower
frequency voltage component 1 (e.g., 1=1.0 per umt (pu) Hz)
at contains more volt-second relative to higher frequency
component. Accordingly, Vcom at or around 1.0 pu of
switching frequency has the largest influence on core size of
the CM 1nductor 112, whereas Vcom at higher harmonic
values has a much smaller influence on the core size of the
CM inductor 112.

With reference to FIG. 3, a schematic diagram of an
example control module 114 1s shown. Control module 114
1s configured to reduce the Vcom at 1.0 pu of switch
frequency by providing a separate triangle carriers to modu-
late each of the phase power mput to inverter 104 (as shown
in FIG. 1). For n phase power, the triangle carrier 1s shifted
by 1/n of the carrier cycle.

Control module 114 includes a different signal modulator
for each respective phase of the multiphase power output by
inverter 104. In the example shown, the multiphase power 1s
a three-phase power, and three signal modulators 302 are
provided, one for each phase. Each signal modulator 302
includes a triangle wave generator 304, a sine wave gen-
crator 306, a comparator 308, and an output builer 310.

Triangle wave generator 304 generates a triangle carrier
signal that 1s umique for the signal modulator 302 and phase
to which it corresponds and provides the triangle carrier
signal to comparator 308. Sine wave generator 306 gener-
ates a sine wave signal that 1s unique for the signal modu-
lator 302 and phase to which it corresponds and provides the
sine wave signal to comparator 308.

Comparator 308 receives and compares the triangle car-
rier signal and sine wave signal output by the corresponding
triangle wave generator 304 and sine wave generator 306,
respectively and outputs at least one control signal based on
a result of the comparison. Output butler 310 splits the three
phase logic signals to six signals and buflers the control
signal and outputs 1t to the six switches in mverter 104
(shown 1 FIG. 1) for converting the DC power to AC
Power. Output bufler 310 can include a noninverting bufler
and an inverting bufler. The output signals of each output
butler 310 1s provided to a diflerent switch 1n mverter 104.

With reference to FIG. 4, an example plot 400 1s shown
of the sine wave signals and triangle carrier signals gener-
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6

ated for each of the three signal modulators 302 that corre-
sponds to a different phase of phase paths 105a, 10554, 105c¢.
Sine wave signal 402qa and triangle carrier signal 404aq
correspond to phase path 105a. Sine wave signal 4025 and
triangle carrier signal 4045 correspond to phase path 1055.
Sine wave signal 402¢ and trniangle carrier signal 404c¢
correspond to phase path 105c¢.

With reference to FIG. 5 example plots of spectra are
shown for a conventional sine-triangle PWM controlled
inverter having modulation ndex (MI)=1.0 (wherein
0<=MR=1.0). A differential mode plot 502 and a common
mode plot 504 show Vdifl and Vcom measured over ire-
quencies 1 showing the actual switching frequency at 1=1.0
pu, and second harmonic at =2.0 pu, and likewise increas-
ing harmonics at =3.0, 4.0, and 5.0 pu. Lowest frequency
differential mode Vdiff 506=1.0 pu amplitude at 1 close to 0
pu governs size of winding 204 (shown 1n FIG. 2). The other
differential mode components worth noting are Vdiil 508
and Vdift 509 around 1=1.0 pu. The lowest Irequency
common mode Vcom 510 governs size of core 202 (shown
in FIG. 2). The magnitude of Vcom at frequencies that
correspond to the higher harmonics (e.g., at 1=2.0, 3.0, 4.0,
or 5.0 pu as shown) have increasingly negligible effects on
the si1ze of core 202.

With reference to FIG. 6, example plots of spectra are
shown for a forward rotational carrier shifted PWM con-
trolled mverter, using PWM shown 1n FIG. 3, having modu-
lation index (MI)=1.0. A differential mode plot 602 and a
common mode plot 604, are similar to plots 502 and 504,
except that forward rotational carrier shifted PWM control 1s
used. As 1n plot 502, Vdifl 506=1.0 pu amplitude remains at
f close to O pu. Spectral lines 509 and 510 have exchanged
locations between top and bottom plots: spectral line 510 has
now become differential mode and spectral line 509 has now
become common mode. Their amplitude and frequency of
spectral lines 508-510 remain the same. Spectral lines 509
Vcom 1n the disclosed PWM shown in FIG. 6, and 510
Vcom of the conventional PWM shown 1n FIG. 5, both at or
close to (to the right of 1.0) 1=1.0 pu, are compared, wherein
spectral line 509 1s reduced to less than 0.5 pu, which results
in the common mode 1inductor core size 202 being reduced
n size.

With reference to FIG. 7, plots of spectra are shown of a
backward rotational carrier shifted PWM controlled
iverter, using PWM shown 1n FIG. 3, having modulation
index (MI)=1.0. A diflerential mode plot 702 and a common
mode plot 704, are similar to plots 602 and 604, except that
backward rotational carrier shifted PWM control 1s used. As
in plots 502 and 602, Vdifl 506=1.0 pu at 1 close to 0 pu.
Original spectral line 5308 has been exchanged from being a
differential component to becoming a common mode com-
ponent. Original spectral line 510, which 1s greater than 0.5
has changed from common mode to differential mode, and
spectral line, 508<0.5 has changed from differential mode to
common mode, which results 1n the common mode inductor
core size 202 being reduced 1n size as well.

FIGS. 5-7 demonstrate that when triangle carrier signals
are generated for each of the three signal modulators 302
that corresponds to a different phase of phase paths 105a,
10556, 105¢, for both forward rotation and backward rotation
carrier shifts, common mode spectral line 510 1s moved to
differential mode. Also demonstrated 1s movement of one of
the side band components of spectral lines 508 and 509 are
moved from differential mode components to common mode
components. In the forward rotational case shown in FIG. 6,
spectral line 509 1s moved to the plot for common mode. In
the backward rotational case shown 1n FIG. 7, spectral line
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508 1s moved to the plot for common mode. Although
spectral lines 508 and 509 have the same amplitude, spectral
line 509 has a relatively higher frequency than spectral line
508. Accordingly, forward rotation may provide a higher
beneflt, since higher frequency corresponds to lower Volt-
second, hence greater reduction 1n inductor core size. Of
note 1s that Vdill and Vcom at tripled multiples (1=3.0) of
switching frequencies are substantially the same in FIGS.
5-7.

The reduction 1n 1nductor core size that can be achieved
using carrier shifted PWM control 1s even larger for a
modulation 1ndex=0.0. Experimental results and analysis
have shown that a reshuflling of positions between Vdifl and
Vcom occurs as shown in FIGS. 6 and 7, except that spectral
lines 508 and 509 do not exist. The eflect 1s that conven-
tional PWM common mode 3510 1s shuflled to differential
mode, but the newly shifted common mode spectral lines
508 or 509 are close to zero. Furthermore, when modulation
index=0.0, conventional PWM control generates the highest
magnitude of Vcom, and the disclosed carrier shufted PWM
control generates the lowest magnitude Vcom (substantially
equal to zero).

A qualitative determination of the reduction to common
mode 1nductor core size and winding size achievable by the
carrier shifted PWM control 1s described by Equations (1)
and (2), respectively:

Cfe=SUM(V/f),for harmonics 1 through 15 Equation(1)

Ceu=SUM((V/f) 2),for harmonics 1 through 15 Equation (2),

wherein Cie 1s a core size index, Ccu 1s a winding size index,
V represents voltage spectrum magnitude, and 1 represents
the frequency of each voltage spectrum component (repre-
sented as spectral lines).

When compared to conventional PWM control, with the
same conditions, namely same switching frequency and
conduction and switch losses of the semiconductor switches,
the disclosed carrier shifted PWM control can potentially
reduce the common mode inductor core size by more than
50%. Using carrier shifted PWM control, the inductor core
s1ze required to cover all modulation 1indices can be as low
as only 45% of that relative to configurations using conven-
tional PWM control. Furthermore, when using carrier
shifted PWM control, any negative impact on differential
inductor size and weight was determined to be hardly

noticeable negative relative to configurations using conven-
tional PWM control.

PWM 102 and control module 114 (as shown 1n FIG. 2)
can be retrofitted to power converters (including motor
controllers) that use conventional PWM control. Once ret-
rofitted, no switching losses are incurred. The retrofit rather
reduces the common mode inductor core flux density and
reduces the common mode imductor core size 1n accordance
with Equation (1).

Aspects of the present disclosure are described above with
reference to block diagrams of methods, apparatus (systems)
and computer program products according to embodiments
of the disclosure. Features of the methods described 1include
operations, such as equations, transformations, conversions,
etc., that can be performed using software, hardware, and/or
firmware. Regarding software implementations, 1t, will be
understood that individual blocks of the block diagram
illustrations and combinations of blocks in the block dia-
gram 1llustrations, can be implemented by computer pro-
gram 1nstructions. These computer program instructions
may be provided to a processor of a general purpose
computer, special purpose computer, or other programmable
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data processing apparatus to produce a machine, such that
the imstructions, which execute via the processor of the
computer or other programmable data processing apparatus,
create means for implementing the functions/acts specified
in the block diagram block or blocks.

With reference to FIG. 8, a block diagram of an example
computing system 800 1s shown, which provides an example
coniiguration of control module 114. Computing system 800
1s only one example of a suitable system and is not intended
to suggest any limitation as to the scope of use or function-
ality of embodiments of the disclosure described herein.
Computing system 800 can be implemented using hardware,
soltware, and/or firmware. Regardless, computing system
800 1s capable of being implemented and/or performing
functionality as set forth in the disclosure.

Computing system 800 1s shown 1n the form of a general-
purpose computing device. Computing system 800 includes
a processing device 802, memory 804, an mput/output (I/0)
interface (I/F) 806 that can communicate with an internal
component 810, and optionally an external component 808.

The processing device 802 can include, for example, a
programmable logic device (PLOD), microprocessor, digital
signal processor (DSP), a microcontroller, a field program-
mable gate array (FPGA), an application specific integrated
circuit (ASCI), and/or other discrete or integrated logic
circuitry having similar processing capabilities.

The processing device 802 and the memory 804 can be
included 1 components provided in the FPGA, ASCI,
microcontroller, or microprocessor, for example. Memory
804 can include, for example, volatile and non-volatile
memory for storing data temporarily or long term, and for
storing programmable instructions executable by the pro-
cessing device 802. I/O I/F 806 can include an interface
and/or conductors to couple to the one or more internal
components 808 and/or external components 810.

These computer program instructions may also be stored
in a computer readable medium that can direct a computer,
other programmable data processing apparatus, or other
devices to function 1n a particular manner, such that the
instructions stored in the computer readable medium pro-
duce an article of manufacture including nstructions which
implement the function/act specified in the tlow diagram
and/or block diagram block or blocks.

The computer program instructions may also be loaded
onto a computer, other programmable data processing appa-
ratus, or other devices to cause a series ol operational
operations to be performed on the computer, other program-
mable apparatus or other devices to produce a computer
implemented process such that the instructions which
execute on the computer or other programmable apparatus
provide processes for implementing the functions/acts speci-
fied in the block diagram block or blocks.

Embodiments of the controller 210 may be implemented
or executed by one or more computer systems, such as a
microprocessor. Each computer system 800 can implement
controller 26, or multiple instances thercof. In various
embodiments, computer system 800 may include one or
more of a microprocessor, an FPGA, application specific
integrated circuit (ASCI), microcontroller. The computer
system 800 can be provided as an embedded device. All or
portions of the computer system 800 can be provided
externally, such by way of a mobile computing device, a
smart phone, a desktop computer, a laptop, or the like.

Computer system 800 1s only one example of a suitable
system and 1s not intended to suggest any limitation as to the
scope of use or functionality of embodiments of the disclo-
sure described herein. Regardless, computer system 800 1s
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capable of being implemented and/or performing any of the
functionality set forth hereinabove.

Computer system 800 may be described in the general
context of computer system-executable instructions, such as
program modules, being executed by a computer system.
Generally, program modules may include routines, pro-
grams, objects, components, logic, data structures, and so on
that perform particular tasks or implement particular abstract
data types.

One skilled in the art will appreciate turther features and
advantages of the illustrated embodiments based on the
above-described embodiments. Accordingly, the illustrated
embodiments are not to be limited by what has been par-
ticularly shown and described, except as indicated by the
appended claims.

While the disclosure has been described with reference to
an exemplary embodiment(s), 1t will be understood by those
skilled 1n the art that various changes may be made and
equivalents may be substituted for elements thereotf without
departing from the scope of the disclosure. In addition, many
modifications may be made to adapt a particular situation or
material to the teachings of the disclosure without departing,
from the essential scope thereof. Therefore, 1t 1s intended
that the disclosure not be limited to the particular embodi-
ment(s) disclosed, but that the disclosure will include all
embodiments falling within the scope of the appended
claims.

What 1s claimed 1s:

1. A control module of a pulse width modulator (PWM)
of a multi-phase power converter, the control module com-
prising a signal modulator that corresponds to each phase of
multiple phases of the converter, each signal modulator of
the control module comprising:

a comparator, wherein the comparator 1s configured to:

receive one triangle carrier signal that 1s unique relative
to triangle carrier signals received for the other
phases of the multiple phases, wherein the convertor
has n phases, the triangle carrier signals have the
same cycle, and each of the triangle carrier signals 1s
caused to be unique by shifting the triangle carrier
signal by 1/n of the cycle so that the trnangle carrier
signal for each phase 1s shifted relative to each of the
triangle carrier signals for the other phases;

receive a sine wave signal that 1s unique relative to sine
wave signals recerved for the other phases of the
multiple phases;

compare the received triangle carrier signal and the
recerved sine wave signal; and

output at least one control signal based on a result of the
comparison, wherein the control signal controls an
inverter that applies pulse width modulation to a DC
power for converting the DC power to a multi-phase
power, AC harmonics of the multi-phase power
being filtered by a common mode inductor.

2. The control module of claim 1, further comprising a
different triangle wave generator for each of the signal
modulators, each triangle wave generator configured to
generate one of the unique triangle carrier signals.

3. The control module of claim 1, wherein the triangle
carrier signals are shifted by a forward rotational shiit.

4. The control module of claim 3, wherein the triangle
carrier signals are shifted by a backward rotational shiit.

5. A multi-phase power converter comprising:

an 1nverter configured to apply pulse width modulation to

a DC power from a DC power source for converting the
DC power to a multi-phase power;

10

15

20

25

30

35

40

45

50

55

60

65

10

a filter configured to filter AC harmonics of the multi-
phase power, the filter having a common mode inductor
for the multi-phase power; and
a control module of a PWM having a signal modulator
that corresponds to each phase of multiple phases of the
converter, each signal modulator of the PWM config-
ured to:
receive one triangle carrier signal that 1s unique relative
to triangle carrier signals received for the other
phases of the multiple phases, wherein the convertor
has n phases, the triangle carrier signals have the
same cycle, and each of the triangle carrier signals 1s
caused to be unique by shifting the triangle carrier
signal by 1/n of the cycle so that the triangle carrier
signal for each phase 1s shifted relative to each of the
triangle carrier signals for the other phases;

receive a sine wave signal that 1s unique relative to sine
wave signals recerved for the other phases of the
multiple phases;

compare the received triangle carrier signal and the
received sine wave signal; and

output at least one control signal based on a result of the
comparison, wherein the control signal controls
pulse width modulation of the DC power.

6. The converter of claim 5, wherein the PWM {further
comprises a different triangle wave generator for each of the
signal modulators, each triangle wave generator configured
to generate one of the unmique triangle carrier signals.

7. The converter of claim 5, wherein the triangle carrier
signals are shifted by a forward rotational shift or a back-
ward rotational shaft.

8. The converter of claim 5, wherein a core size of a core
of each common mode mductor 1s reduced by at least about
50% 1n at least one of size and weight relative to a configu-
ration with a PWM in which all of the signal modulators are
configured to receive the same triangle carrier signal.

9. The converter of claim 5, wherein a core size of a core
of each common mode inductor 1s reduced by about 65% 1n
at least one of size and weight relative to a configuration
with a PWM m which all of the signal modulators are
configured to receive the same triangle carrier signal.

10. The converter of claim 5, wherein the filter further
includes a differential inductor, wherein a size and weight of
the differential inductor and a winding of the common mode
inductor are substantially unchanged relative to a configu-
ration with a PWM in which all of the signal modulators are
configured to receive the same triangle carrier signal.

11. The converter of claim 5, wherein PWM 1s retrofitted
to the convertor to replace a PWM that 1s configured for all
of the signal modulators to receive the same triangle carrier
signal.

12. The converter of claim 5, wherein the filter further
includes a differential inductor, wherein a size and weight of
the differential inductor are substantially unchanged relative
to a configuration with a PWM i which all of the signal
modulators are configured to receive the same triangle
carrier signal.

13. A method of controlling a pulse width modulation of
a DC power converted 1into a multi-phase power, the method
comprising;

for each phase of multiple phases of the multi-phase
power:
receiving one triangle carrier signal that 1s unique

relative to triangle carrier signals received for the
other phases of the multiple phases, wherein the
convertor has n phases, the triangle carrier signals
have the same cycle, and each of the triangle carrier
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signals 1s caused to be unique by shifting the triangle
carrier signal by 1/n of the cycle so that the triangle
carrier signal for each phase 1s shifted relative to

cach of the triangle carrier signals for the other
phases;

receiving a sine wave signal that 1s unique relative to
sine wave signals recetved for the other phases of the
multiple phases;

comparing the received triangle carrier signal and the
recerved sine wave signal;

outputting at least one control signal based on a result
of the comparison; and

controlling by the control signal pulse width modula-
tion of the DC power for converting the DC power
to the multi-phase power, AC harmonics of the
multiphase power being filtered using common
mode inductance.

14. The method of claim 13, further comprising generat-
ing the unique triangle carrier signals.
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15. The method of claim 13, further comprising replacing
a component that was previously generating the same tri-
angle carrier signal for each phase power that corresponds to
cach phase of the multi-phase power with a component
generating the unique triangle carrier signals.

16. The method of claim 13, reducing 1n at least one of
s1ze and weigh by at least about 50% a core size of a core
of each common mode inductor filtering the multi-phase
power before 1t 1s provided to the motor relative to a
configuration in which the same triangle carrier signal 1s

received for each phase power.

17. The method of claim 13, maintaining substantially the
same a size and weight of a differential inductor and a
copper portion of a common mode inductor that filter the
multi-phase power signal before it 1s provided to the motor
relative to a configuration 1n which the same triangle carrier
signal 1s received for each phase power.
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